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W-Boson Anomaly

* Bestfit for the Mw (LEP-2, Tevatron, LHC, LHCb data)
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W Boson Mass Shift From New Physics

* Fermi Constant determined from muon decay
 \ery precisely measured

I 7 = Tu = 2.1969811(22) x 10° s

Gr = 1.1663787(6) x 107° GeV !




W Boson Mass Shift From New Physics

* Fermi constant determined from muon decay
 Fermi constant input, My, predicted

G_\/g — 2M71%1?3%V (1 + AT)

OHWB — HTTIHWJVB“V

_ T T
* This constrains way to changes My, Onp = (H'DuH) (H'D,H)

AMLI;V = 10a _ S0 — %Gi Ope = (Lpyulr) (LsvLs)
* Interms of SMEFT this is @g% _ (HTﬁ{LH) (L, Ty1ey)

Mtw — _saw 2, (w0, 421 (4C) — 2Cy) +4CHw )
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W Boson Mass Shift From New Physics

* Fermi Constant determined from muon decay
 Fermi constant input, My, predicted

G_\/g — 2M71%1?3%V (1 + AT)

OHWB — HTTIHWJVB“V

— T T
e This constrains way theory can changes My, Onp = (H'D,H) (H'D,H)

AMLI;V = 10a _ S0 — %Gi Ope = (Lpyulr) (LsvLs)
* Interms of SMEFT this is @g% _ (HTﬁ{LH) (L, Ty1ey)
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W Boson Mass Shift From New Physics

Bagnaschi, Ellis, Madigan, Mimasu, Sanze, You

* Fermi Constant determined from muon decay
 Fermi constant generally taken as input

e Example: Supersymmetry
e Correction now in terms of S, T

Myw = (Mw)sm (1 + lig (=35 + C%VT))

2

* Light degenerate charged Higgsino and Wino

T —

OMyy /My, 009% 0.04% 0.02%  0.01%



Possible Tree-Level Solutions
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Electroweak Symmetry Breaking with Triplet

 Triplet can contribute to Electroweak symmetry breaking  Generates 3, vev

V(H,3) D —p2|H2 + Ag|H|* + Asg HI S H + hc. + 22 Tr (T 55)

~ TeV
e If Y =0, thenonly contributes to W mass

(H) = (0,v)" ($3) = % ( i _?)T ) x o3

_ +
1 0 vr W, ) SM2, = 2g202

Wy (all = 5 (e %



Triple Higgs Boson and the Fermi Constant

* This mass correction alters weak mixing angle W
~2
w Diagonalizes A,Z
=S —_ ——L Gr ~ a7 2 2 e“vr
Sw MZ T 2 M2 > =z \Sw T/ Sw T o

* Correction to W boson mass allowed by fits

2

My ~ (Mw)sm (1 1 1w, 402%)

2 C%V—SW )

v ~ 3 GGV—>5MW ~ 60 MeV

v = %% v? = (pf + Asgor) /(2Aw)




Triple Higgs Boson Signatures

 The neutral Higgs bosons small mixing
 Couplings to SM fermions quite suppressed

QH,Hi >~ AZ‘;‘TU ~ (.03
3

* Dominant signature from decays to SM massive bosons

Charged Higgs CP-=ven Heavy Higgs
Couplings o U
so suppressed

Mass relatively heavy



“Who Order That”(lssac Rabi)

e Like the discovery of the muon, why would nature have a triplet?
 Science is about correlating observables




“Who Order That”(lssac Rabi)

* Like the discovery of the muon, why would nature have a triplet?
 Science is about correlating observables
e At face value triplet does nothing but give mass to W=

Even though good
Explanation, sits on
the sideline



“Who Order That”(lssac Rabi)

* Like the discovery of the muon, Who order a triplet?

e SU(5) Grand unification?

Dotted: SM
Yoy O U3 = (1,3,0) [SU(3),SU(2),U(1)] Aby = 0
Dashed: Real triplet
 Gauge coupling unification Aby = 1

Solid: Complex Triplet
Aby = %

\ e

Moyt ~ 10 GeV
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620 QG EN) log, o (0 GelV)



SU(5) Grand Unification

 Matter fields embedded into larger representation
 Leads to charge quantization
* Simplest group which fits the SM, SU(5) > SU(3) x SU(2) x U(1)

Particles related, leads

to charge quantization



Grand Unification

 Matter fields embedded into larger representation

 SU(5) Breaking with single real 24 Rep

Can we use this Y=0 Triplet?

24H:( Sg— X/v2

ingl
XT/\/§ 28 ) —I_ Slng et

 For generic renormalizable interaction

e Light triplet alone from SU(5) breaking is difficult




Grand Unification

 Matter fields embedded into larger representation
 SU(5) Breaking with single real 24 Rep

 |f weinclude an additional 24, can get a light complex triplet
* Lots of freedom from many couplings (So, assume Approx. U(1) symmetry)

V 3 2M34TT(E£4EQ4) + 2A1TI‘(224HE£4224) + 2A2TI‘(E£4224H224)
+ AMTE(E2,) T (2, 204) 4+ 20T (22, 528, 504) + 225 Tr(Zoan E), Zoarr Soa)

e Relevant masses

m%s — ;1,%4 -+ 2A1UGUT -+ 4()\2 —+ A3)U(2}UT o 5A1UGUt7 )\3 ~ —\o




Grand Unification

 Matter fields embedded into larger representation

 SU(5) Breaking with single real 24 Rep

Assume A5 =0
 |f weinclude an additional 24, can get a light complex triplet

* Lots of freedom from many couplings (So, assume Approx. U(1) svinmetry)

V 3 2M§4TI‘(E£4224) + 2A1TI‘(224HE£4224) + 2A2TI‘(E£4224H224) Essentially
2 T 9 T i two real
shift only

e Relevant masses

m%s — ;1,%4 -+ 2A1UGUT -+ 4()\2 —+ A3)U(2}UT o 5A1UGUt7 )\3 ~ —\o




Proton Decay : Dimension-6

* Proton decay
 Minimal SU(5) ruled out by proton decay

—_ 4 10%% yrs
_ 41 C e
Tp i 94 X 10 yrS ( 6 X 1013 GeV) Decay Mode | Current (90% CL) | Future [:'Di-.'~;+:--:::r1'4'_:-1'\: ) Future (90% (:l'.L}

JUNO: 12 (
DUNE: 30 (

Approximate size in minimal
SU(5), unchanged by light triplet



Proton Decay : Dimension-6

 Heavy gauge boson mediated proton decay

* The decay proceeds via the heavy gauge boson Heave gauge boson
of SU(5) breaking

SU(3)XSU(2)XU(1): (3,2,5/6)



Proton Decay : Dimension-6

 Heavy gauge boson mediated proton decay
* The decay proceeds via the heavy gauge boson




Proton Decay : Dimension-6

 Dimension-6 proton decay
* The decay proceeds via the heavy gauge boson
 Mixing and suppression of proton decay

LD (Mi010 + MyY10) Y10

This linear combination massless : SM field



Proton Decay : Dimension-6

 Dimension-6 proton decay
* The decay proceeds via the heavy gauge boson

* Mixing SU(5) reps and suppression of proton decay  SM field interaction
combination of these

X cost)  sinf 10 \ [ 10gm
—sinf cosf Y10 /] O\ Yo

]-OSM 3 1/),10 U

10s5: , Y10 Q



Proton Decay : Dimension-6

 Dimension-6 proton decay
* The decay proceeds via the heavy gauge boson
 Mixing SU(5) reps and suppression of proton decay  SM field interaction

combination of these
10 , Y10 U

X cost)  sinf 10 \ [ 10gm
—sinf  cosf Y10 /] \ Yo

o sin? 0 + cos? H=1




Proton Decay : Dimension-6

 Dimension-6 proton decay

* The decay proceeds via the heavy gauge boson
 Mixing SU(5) reps and suppression of proton decay
 Mixing incomplete SU(5) reps to suppress proton decay

L D Y10v10 (M1o + Ay (Z24am)) + V1010 (M + )\ip<z24H>)

Creates independent mass
(Y24) = VDiag(2,2,2, -3, -3) matrices for EACH SM rep



Proton Decay : Dimension-6

 Dimension-6 proton decay

* The decay proceeds via the heavy gauge boson

 Mixing SU(5) reps and suppression of proton decay

 Mixing incomplete SU(5) reps to suppress proton decay
 Each SM rep has a different mixing angle

( cosfg sinfg ) ( Q ) _ ( Q' ) cosfy  sinfy u\ (U
—sinflg cosfq (0l8 _ w&g —sin 0y  cosOy Vi _ 2—]
- Yy

L X X

ox cos B¢ cos Oy + sin O sin Oy




Proton Decay: Dimension-6

 Dimension-6 proton decay
* The decay proceeds via the heavy gauge boson
 Mixing SU(5) reps and suppression of proton decay
 Mixing incomplete SU(5) reps to suppress proton decay
 Each SM rep has a different mixing angle
 With a proton lifetime of

’T(p — 6"‘71-0) ~ 3.3 x 1027yr8A—1 (Z _ 1) (#)4 (?_5)—4’

mix

Apix(i) =~ (cosfg cosfy + sinfg sin )

e Lifetime constraints requirements

—4 —4




Proton Decay: Colored Higgs

 SM Yukawa Couplings
1
—L 3 ZYlO,’i(S’ij 102103[{5 + h.c.
(Yl())l sin QQ Sin QUQZ . HU@ = yqu . HU@

(Ylo)l — sin 95Zin9Q

 Colored Higgs Yukawa couplings

1

—L = §(Y10)1HC (Q1- Q1) = < He (Q1- Q1)

1
2 sin Oy sinOg

* Proton Decay greatly enhanced since



Proton Decay: Colored Higgs

 SM Yukawa Couplings

(Ylo)l — sin 95:in 0o

* Colored Higgs Yukawa couplings

Yu
He (Ql ' Ql) Enhancement gets

1 1
—L > §(Y10)1HC (@1 Q1) = 551110(] sin 0¢

larger as Dim-6
*  Proton Decay greatly enhanced since sinfg ~ 1, sinfy ~ 10~% constraintdo

Tp = = 9.4 x 10%3yrs MHc Eingusinge




Threshold Corrections: Colored Higgs Mass

 The breaking of SU(5) splits some masses

23H, 28H, He, X12, 23

* These masses are constrained by gauge coupling unification

my, = 1032 GeV

Masses control proton
decay determined by this

13.8 14.0
log,o(Q/GeV)



Threshold Corrections: Colored Higgs Mass

 The breaking of SU(5) splits some masses

Z]SED ZSHD HCa X1,27 Z:8

* These masses are constrained by gauge coupling unification
* Four equations, 7 unknown leads to continuum of solutions

My ~ 101% GeV

b M b M b M
("il_l(MX) = ozl_l(MX) _ LHeg, X X g, X Xe g, X,
2T M 2T mx, 2T mx,
b M b M b M
popy | —1 2,.X4 X 2,Xo X 223}_{ X
M — My) — —1 — =] — = |
Gy~ (Mx) o~ (Mx) 27 nle s nmX2 27 HZmESH’
b M b M b M
a3 (Mx) = az'(Mx)——22CIn—2 — SRy _= _ SRz 2




Threshold Corrections: Colored Higgs Mass

 The breaking of SU(5) splits some masses

Z]3£[7 ZSHD HCa X1,27 Z:8

* These masses are constrained by gauge coupling unification
* Four equations, 7 unknown leads to continuum of solutions

My ~ 101% GeV

bra., Mx bix,, Mx bix,, Mx

~—1 —1
M = M) — I | — | :
ar (Mx) ar - (Mx) o M 2T = 1o x 4 2T N mx,
b M b M b Wi Deviation in couples
- 1 2,X X 2,X X 2,5 X
Qo 1(MX) = ay (Mx) - 27r1 In M, — 27T2 In mx, = Q;H In ZmESH, determines ratio
b M b M b M
a3 '(Mx) = a3'(My)— ey —% 22y =& BAe g, X

2T m 2T m 21 m




Threshold Corrections: Colored Higgs Mass

The breaking of SU(5) splits some masses

23H, 28H, He, X12, 23

These masses are constrained by gauge coupling unification
* Four equations, 7 unknown leads to continuum of solutions

4 o o 2
Orr sin 0
_ .4 1 33 mHC S Uy Q
7y = 94> 10 yrs(zxmw(;ev 10—4

My, /Mx

Contours of M Hc

MX ~ 1014 GeV



Threshold Corrections: Colored Higgs Mass

 The breaking of SU(5) splits some masses

23H, 28H, He, X12, 23

* These masses are constrained by gauge coupling unification
* Four equations, 7 unknown leads to continuum of solutions

Contours of M Hc

<
i . . 2
Orr sin O E
— 9.4 x 10% MHg S Oy SN g =
I ASM L (6 X 1013GeV 10-5 §

Experimental reach on

5 6 7 8 9



Threshold Corrections: Colored Higgs Mass

The breaking of SU(5) splits some masses

Z]3£[7 ZSHD HCa X1,27 Z:8

* These masses are constrained by gauge coupling unification
* Four equations, 7 unknown leads to continuum of solutions

* Reasonable “Upper limit” of lifetime happens My = 1.7 x 10'* GeV
mp. ~ 10Mx others ~ 10T M

* However, lifetime can be well beyond experimental limit



SM Yukawa Couplings: The Low Scale

* Minimal SU(5): Yukawa couplings explained by M suppressed operator

—L > \/ijc\/z 51224]{10;]{;

 Because GUT scale suppressed contribution too small

y(Mx) — yr(Mx) ~ %—*’; ~ 1074 Theory

yb(Mx) — yT(MX) — my(Mx ) —mq (Mx) ~ 4 X 10—3 Experiment

v




An Extension with Dark Matter

e Scalar Wino Dark Matter

 Real scalar SU(2) Triplet with Hypercharge zero
Dark matter band

Ruled out by fermi

1000
M |(;(f\'j



An Extension with Dark Matter

e Scalar Wino Dark Matter
 Real scalar SU(2) Triplet with Hypercharge zero

. Couple to Higgs, in a Z, invariant way Already in our Lagrangian

L = —)\H(/%HTH Shifts mass with

correct relic density

[Katayose, Mﬁtsumﬂlﬂ, 55, Wataps

-
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An Extension with Dark Matter

 Scalar Wino Dark Matter

 Real scalar SU(2) Triplet with Hypercharge zero
* Couple to Higgs, ina Zs invariant way
* Indirect constraints weakened

1000
Mpy [GeV]




An Extension with Dark Matter

 Scalar Wino Dark Matter

 Real scalar SU(2) Triplet with Hypercharge zero
* Couple to Higgs, ina Zs invariant way
* Indirect constraints weakened

e One real SU(2) Triplet for W-boson anomaly

Vo3 2u3,Tr(30sX0s) + 241 Tr(SosprYosXos) + 245 Tr(X0soum Xoa)
+ MTr(Z5,)Tr(30sT0s) + 222 Tr(25, H2;4224) + 223 Tr(Zos g XoaXoam Xos)

* One for Dark matter with mass and vevs tuned differently




Other Possible Directions in Grand Unification

* Do we really need mixing?
 We could have a light color octet and triplet fermion or bosons
* Proton decay out of reach

604

AJGUT ~ 1016 GeV




Other Possible Directions in Grand Unification

* Do we really need mixing?
 We could have a light color octet and triplet fermion or bosons

e We could have intermediate scales

* Intermediate scales push
up unification scale
* Proton decay long enough




Other Possible Directions in Grand Unification

* Do we really need mixing?

. . . Entire 24 Light
 We could have a light color octet and triplet fermion or bosons °

e We could have intermediate scales

M,,=5X10* GeV. M_=5X10" GeV

 What about supersymmetric unification?
* Couplings already unify
* Light triplet makes unification worse

 Have take whole multiplet light

* Proton decay ok since I'), ~ ——

L enan
Gauge coupling
marginally ok

102 104 6 16 18

10° 10® 10 10" 10" 10" 10

Q (GeV)



Conclusions

e W boson mass anomaly dominated by CDF measurement
e Putis presentin alesser degree in other experiments
* W boson constrained by Fermi Constant
e Shiftsin a, 0y, G canlead to deviation in My
* Loop level explanations are tightly constrained by experiment
* Requires ~ 100 GeV electroweak interacting particle
* Fits to SMEFT show only a few possibilities
 Triplet Higgs being one of them
 Some others seem difficult to realize
 Triplet Higgs can be motivated by Grand unification
e Unification scale suppressed
 Dimension-6 proton decay suppressed by mixing



